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INTRODUCTION
Nano-computed tomography (nanoCT) is a non-invasive tool for visualisation and characterization of both external and internal structures of materials with nano-scale features, such as integrated circuit (IC) chips and fuel cell gas diffusion layers (GDLs). NanoCT works by acquiring numerous views of a sample over a range of angles and creating images to map the level of X-ray attenuation in the views to the density of the sample [1] . These grey scale shadow images are then used to make 2D slices corresponding to what would be seen as the sample is cut through the scanning plane [2, 3] . The slices are then assembled to reconstruct a 3D image. X-ray images can be generated using high resolution microtomography and nanotomography scanners. The former provides a resolution of 1-10 m, while the later can produce a resolution less than 100 nm [4, 5] .
Recently, X-ray micro and nanotomography has been used to determine the distribution of liquid water saturation in GDLs and to determine the two-phase material parameters of a GDL at resolutions of 10 ߤm and 700 nm respectively [6, 7] .
The GDL is a heterogeneous porous carbon-based material which in a fuel cell allows reactant gases to pass through to the catalyst layer [8] whilst removing any excess liquid water [9, 10] . In order to accurately understand how its structural and material characteristics affect the internal flows, it requires to generate representative 3D digital models that can be used for pore analysis and numerical flow simulation tools [11] . Therefore, thresholding the greyscale shadow images from X-ray tomography is a necessary step to produce binary images which differentiate between solidity and void space [12, 13] Currently, the appropriate threshold level is often determined by visual inspection [14, 15] . In one heuristic technique developed by the authors, the threshold level is determined by comparing the surface of the 3D image obtained by X-ray tomography with a reference scanning electron microscopy (SEM) image of the same surface in terms of average fibre diameter and connectivity.
While the average fibre diameter is an unequivocal numerical quantity determined using software techniques, the method still relies upon visual inspection for a certain degree of tuning to ensure fibre continuity. The current method therefore invokes a delicate balance between attaining high numerical accuracy in the average fibre diameter and visual accuracy in the fibre continuity. The choice of threshold fraction in this balance however has a significant effect on the volume fraction, pore size, trabecular number, morphological parameters and mechanical properties of the resulting 3D binary image [16, 17] . Thus further research is needed to develop a repeatable technique by which the most suitable threshold level can be determined. This paper proposes a method for fine-tuning the threshold of nanotomography images for porous media. Porosity and average fibre diameter of a GDL obtained from a series of thresholded Xray nanotomography images were compared to reference values of porosity and average fibre diameter achieved from density experiment and SEM images respectively. Between the thresholded images, the optimal threshold was chosen in which the porosity and average fibre diameter of the resultant digital model are most close to the reference values. The more accurate 3D tomographic images are then used to calculate morphological parameters such as pore size distribution and average pore size.
The LB model [18, 19] is finally applied to simulate single-phase flows through the 3D model of GDLs, in order to calculate their absolute permeabilities [20] .
EXPERIMENTAL
Process examples of two GDL are introduced in this section. A carbon paper and carbon cloth GDLs were scanned using an X-ray source of 25 kV and 200 A without any filter, with 2000 ms exposure time and a rotation step of 0.5 degrees. 371 shadow images with 680 nm pixels were acquired within 40 minutes for each sample (Figs. 1a,1b ). The shadow images were then processed using CTAN software to reconstruct 2D greyscale slices as shown in Fig. (1c,1d) [21] .
The greyscale slices were then thresholded and assembled in order to obtain 3D binary images and for parameter calculations. A threshold was applied on the 2D greyscale image slices, which composed of up to 256 grey scales. A 5% variation in threshold (equating to 13 grey scales) was produced to analyse its effect on GDL fibre diameter and porosity.
Fibre diameter and porosity obtained from nanotomography are strongly affected by threshold variation. By varying the threshold, the fibre diameter and porosity will change. Several measurements are carried out to identify the relationship between the threshold variation and pore size. Figs. (2a, 2b) show that by increasing the threshold, the average fibre diameter fluctuates about 10% for the carbon paper and decreases about 5% for the carbon cloth while porosity increases linearly about 5% for both GDLs.
The study is focused on precisely identifying the correct threshold level in this 5% band. SEM can provide high-contrast and highresolution greyscale images of the surface of the imaged sample and therefore allows the features of the carbon fibrils of the GDL to be determined. In the current study, 4 SEM images from the corners of a 5ൈ5 mm 2 GDL and another from the centre were taken for both samples. The average fibre diameter in each SEM image were calculated through the total area of the fibres divided by the total length of the fibres image (pixel size: 0.05 ߤm) using CTAN software. The average diameter was obtained to be 7.00±0.05 ߤm and 8.40±0.05 for carbon paper and carbon cloth respectively. Fig. (3) shows an SEM image of the sample centre.
The porosity of a material can be calculated using grammage (basis weight) and the thickness of the GDL. The solid fraction of the material was worked out based on the density of the GDL and then porosities were determined as 84±1% and 81±1% for carbon paper and carbon cloth respectively.
Therefore those threshold values which give porosities out of 84±1% and 81±1% can be withdrawn.
The average fibre diameter of the remaining threshold levels from the nanotomography images are given in Table (1a) and (1b).
The tomography threshold cannot be tuned with regard to porosity only. In our experiments, there are several values of porosities close to the reference values of 84±1% & 81±1% summarised in table (1a) and (1b). Each of the calculations represents different threshold levels.
In table (1a), number 2 can easily be removed because the calculated fibre diameter is higher than the others. Between 1, 3 and 4 the priority of choosing the optimal threshold is given to the fibre diameter since the experiment of fibre diameter average measurement was based on high resolution SEM images and therefore it is more accurate than density experiment. This leaves number 4 as the optimal threshold.
In table (1b), number 3 has the closest value of fibre diameter to the reference value, therefore this has been chosen as the optimal threshold for the GDL carbon cloth sample.
The fine-tuning process established above based on the conservation of fibre diameter and porosity therefore results in 84.9% and 81.8% of porosity and 7.1 ߤm and 8.7 ߤm in average fibre diameter for carbon paper and carbon cloth respectively. The 3D binary image of carbon paper and carbon cloth using optimal threshold values are shown in Figs. (4a) and (4b). The next step is to calculate the structural and fluid transport parameters of the representative Xray nanotomography-based 3D binary images.
STRUCTURAL PARAMETERS
Pore size distribution is a key characteristic of GDL structures [22] . A normal pore size distribution has been found based on Xray nanotomography result for both GDLs. Fig. (5a) shows that 12% of the pores are less than 7 ߤm in diameter (micropores and mesopores), 83% are between 7 ߤm and 20
ߤm (macropores) and finally 5% are more than 20 ߤm in the carbon paper. Corresponding values for the carbon woven cloth are 10%, 85% and 5% (Fig. 5b) . The mean pore diameters are calculated as 15 and 11 ߤm for the carbon paper and carbon woven cloth respectively. Bernardi and Verbrugge [23] suggest that the pores that are less than 1 ߤm in diameter in the GDL can maintain a liquid phase pressure which is approximately 1 atm greater than the vapour phase pressure. Consequently, macropores (83%,85%) are capable of reducing mass transport limitations due to water flooding since they can provide diffusion paths for the catalyst layer while the smaller pores are closed-off by liquid water. The literature also suggests that pores with a diameter greater than 30 ߤm can hasten the onset of flooding [24] . In addition, the substantial presence of large pores can also compromise the electrical conductivity of the electrode. Overall it is desirable to limit the presence of pores above 30 ߤm in diameter to the overall pore size distribution of the GDL.
CALCULATION OF FLUID TRANSPORT PARAMETER
Permeability is a material property that describes the ease of the flow within the pore space of a medium. It is of great importance for determining the flow characteristics of the GDLs. LB model was employed to calculate the permeability. With the LB method it is relatively facile to deal with complicated boundaries and various forces at microscopic scales and overall therefore it becomes more efficient to simulate complex flows in porous media at pore scale.
The LB method is a numerical model developed over the past two decades to simulate fluid dynamics based on kinetic theory [25, 26] . The concept of the LB method was to overcome some drawbacks of its predecessor, the lattice gas algorithm [27] . It was later found that the LB model can be derived directly from the continuous Boltzmann equation in kinetic theory [28] .
The LB model operates by tracking the streaming and collision of a number of fictitious particles in a lattice in terms of particle distribution functions. The particle distribution function ݂ ሺ‫,ݔ‬ ‫ݐ‬ሻ defines the mass of a particle at location ‫ݔ‬ at time ‫ݐ‬ and moving with velocity Ι in the direction ݅:
where ݂ ሺ‫,ݔ‬ ‫ݐ‬ሻ is the equilibrium distribution function which is the value of ݂ ሺ‫,ݔ‬ ‫ݐ‬ሻ under an equilibrium state and ߣ is a relational parameter which controls the rate at which ݂ ሺ‫,ݔ‬ ‫ݐ‬ሻ approaches ݂ ሺ‫,ݔ‬ ‫ݐ‬ሻ.
The LB model considers the particle distribution functions at each voxel in turn and determines a set where ߩ is the density of air, ߤ is the kinetic viscosity of air, ‫ݍ‬ is the average velocity in the direction ݅, ∆ܲ is the pressure applied in the principal flow direction and ‫ܮ‬ is the overall sample length in the direction ݅. The average velocity qi is directly related to the velocity field and are obtained by:
where ‫ݑ‬ ௫ ሺ‫ݔ‬ ሻ, ‫ݑ‬ ௬ ሺ‫ݔ‬ ሻ, ‫ݑ‬ ௭ ሺ‫ݔ‬ ሻ are the three simulated velocity components for each element of the image. Once the absolute permeability is known, the permeability for each specific gas with density ߩ and kinetic viscosity ߤ can be calculated from ‫ܭ‬ ൌ ݇/ߩ ߤ . All the variables in equations. 2 -3 are measured in a spatial unit ‫ݔߜ‬ and a temporal unit ‫.ݐߜ‬ Applying the pressure difference to other two directions allows the other components of the permeability tensor to be calculated.
In the LB model, a pressure difference is applied to two opposite sides of the image along the through-plane direction to drive gas flow. The other four sides at in-plane directions are treated as non-mirrored periodic boundaries, in which two opposite sides are neighboured such that particles moving out of the domain from one side re-enter the domain through its opposite side. All the simulations start from a zero velocity field and the pressure field is linearly distributed in the direction along which the pressure difference is imposed. Steady state conditions are adjudged using the parameter Ω where
; ሺ݆ ൌ ‫,ݔ‬ ‫,ݕ‬ ‫ݖ‬ሻ [4] Flow is assumed to have reached steady state when the tolerance Ω ൏ 10 ିହ is satisfied.
In the current study, the both GDLs have porosities of greater than 80% which thereby eases the computational demand of the LB flow simulation. This therefore allows each voxel of the 3D binary image to be used directly as the lattices of the LB model. In this case, the spatial resolution of the LB model is set equal to the resolution of the X-ray images in the current work.
The LB solver is applied to the fine tuned samples of 100 ൈ 300 ൈ 100 ߤm (300 ߤm corresponds to flow direction) to simulate the detailed gas velocity field in the void space of the GDL, with the assumption that the void space is infiltrated by air. The simulated velocity is then used to obtain the absolute permeability for the sample. Because the absolute permeability represents the linear dependence of gas flow rate on pressure gradient, it must be ensured that the flow rate in the simulations is also in this linear range. As such, the pressure difference applied to each sample is set to 20 Pa. The simulation is carried out on a dual-core 2.01 GHz workstation with 3.25 GB of RAM. A single-phase simulation for the region takes 500 minutes. Our previous work [29] reports a successful study into the combined full morphological reconstruction of fuel cell structures using X-ray computed microtomography and LB modelling to simulate fluid flow at pore scale in a GDL. The validation work demonstrates that the difference between the simulated and measured absolute permeability of air was 3%.
DISCUSSION AND CONCLUSIONS
In the digital model reconstruction of a porous material from Xray nanotomography scans, a small variation in threshold may have significant influence on fibre diameter and porosity. The current study establishes a method by which the threshold of X-ray nanotomography images can be fine-tuned based on high resolution SEM images and porosity measurements for the first time. The technique established by the current study provides a useful tool to determine the most precise threshold level for a variety of tomography techniques.
In experiments, it is found that a variation of more than 5% in threshold makes a significant visual difference to the resultant binary images, while a variation of less than 5% is difficult to be recognised It has been proven that when a study is carried out using X-ray nanotomography data for porous materials such as a fuel cell GDL, the key structural parameters are affected by small variation in threshold. Having some easily measurable references such as porosity and average fibre diameter will greatly assist to finely tuning the threshold for the 3D binary representative image. . 3D Pore diameter size distribution of GDL samples; (a) Carbon cloth, the mean pore diameter was found to be 11 µm; (b) Carbon paper, the mean pore diameter was found to be 15 µm. 
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